Abstract-This paper describes an interactive visualization system with force feedback device in three-dimensional (3-D) electromagnetics. We present an extension and improvement of the previously developed two-dimensional (2-D) interactive visualization system used for visualization of various 2-D field distribution maps with arbitrarily movable objects inside the analyzed region. We improve our 2-D visualization system to deal with real 3-D models. Moreover, we knew that perceiving electromagnetic force along with observing various 3-D field distribution maps could significantly help users to better understand the complex electromagnetic phenomenon. Driven by these ideas, we have developed a 3-D interactive visualization system with force feedback device for fast and easy perception of the electromagnetic force and electromagnetic field distribution maps for 3-D models with movable objects.
I. INTRODUCTION

F
OR STUDENTS beginning to learn electromagnetics, using a visualization system capable of fast and accurate visualization of various field distribution maps for various desired shapes or positions of objects is very important. Certainly, even electromagnetic specialists and/or experienced designers of electrical apparatus often want to grasp magnetic field distribution for arbitrary shapes or positions of objects interactively during their analysis and/or design. However, it is almost impossible to realize a highly responsive visualization system whenever the finite element method (FEM) is adopted as a field analysis method. Therefore, we have previously proposed an interactive visualization system where a simple interpolation method is adopted to obtain field distribution map for arbitrary shapes and positions of objects inside the analyzed domain [1] . The achieved computation time for the interpolation method to compute the field distribution map and display it on the screen was short enough (less than 0.05 s). Hence, the proposed visualization system [1] could instantly visualize any field distribution map even if a movable object was moving to any arbitrary position inside the analyzed domain. Therefore, what we got was a simple, accurate, and most important interactive visualization system applicable to various two-dimensional (2-D) field problems.
Recently, we have intensively worked on the development of proposed various interactive visualization systems [1] - [4] . The most recently developed interactive visualization system [1] can deal only with 2-D models. However, although fast and straightforward, we found that 2-D visualization often gives misunderstandings or generates ambiguities to the students. Moreover, electromagnetic specialists and/or electromagnetic device designers surely desire to have as accurate as possible three-dimensional (3-D) field distribution maps as a significant supporting tool in their analyses and design efforts. Therefore, we extensively worked to extend and enhance especially in the domain of electromagnetic force visualization the already developed 2-D interactive visualization system to deal with 3-D models. The developed procedures and the obtained results of this work are presented in this paper.
In the commonly available electromagnetic field visualization systems, the magnetic force is usually represented by means of arrows or cones with prescribed size and orientation. However, in reality, humans perceive and recognize forces through a part of their body, such as the hand. Thus, we also enhance the newly developed 3-D visualization system that makes the electromagnetic force in 2-D and 3-D electromagnetic field perceptible to a user by using a haptic interface. This proves very efficient as a design and an educational tool. In the proposed system, we adopted as the haptic interface the PHANToM interactive system [5] . Using the PHANToM system, one can easily perceive any magnetic force, which works on (acts on) any movable object inside the display area. This new visualization system can visualize any 3-D field distribution, and at the same time, can make the electromagnetic force perceptible to a user even if an object is moved to any arbitrary position inside the analysis domain. The newly proposed interactive visualization system helps us to understand the physical behavior in 3-D electromagnetic field, making it very suitable and useful visualization tool in lower-end uses for education purposes, and in high-end uses for analyses and design of new and more sophisticated electromagnetic devices.
II. 3-D INTERACTIVE VISUALIZATION SYSTEM WITH FORCE FEEDBACK DEVICE
A. Outline and Use
The proposed system consists of three major parts: the first one is a display where the field distribution maps would be visualized, the second one is a computer to compute field distributions and forces, and third one is a haptic interface to feed back the force to a user (see Fig. 1 ). In this paper, the haptic interface is the PHANToM interactive system, while the library used to control the PHANToM interface is the GHOST SDK [5] . The use of the proposed visualization system is simply described below. First, a user decides the desired position of a movable object with the stylus pen of the PHANToM interface. Second, after the field distribution map is visualized using computed results from several user-defined positions of the movable object, the magnitude and orientation of magnetic force are immediately recalculated by the interpolation method. As shown in Fig. 2 , finally, the user by a feedback can perceive the magnetic force through his hands by means of the stylus pen of the PHANToM interface without feeling delays.
B. Procedure and Principle
The proposed visualization system can be separated into two exactly distinguished computation phases: the preprocessing phase and the main processing phase. The preprocessing phase has to be executed only once during the startup of the whole system, while the main processing routine has to be executed whenever a new position of the movable object inside the analyzed domain is selected. For example, in our testing model shown in Fig. 3 , we have a simple model consisting of a movable ferrite and a square-shaped coil which surrounds the ferrite. For applying the interpolation method, it is necessary to have several predefined positions of the moving ferrite and for each of them to perform field analysis. In our example, we prepared nine predefined positions for the ferrite, as shown in Fig. 4 , for which the field computations were executed and the obtained results stored. Later, when the main visualization process is executed, the ferrite object can move inside the entire area surrounded by these nine positions and the interactive visualization can be performed for any arbitrary position of the ferrite inside the entire 3-D space bounded by these nine position. Additionally, the magnetic forces, , which at all nine positions act on the movable object, which in our case is the ferrite, are also precomputed utilizing the nodal force method [6] . In the above formulation, represents the index describing one of the nine bounding ferrite positions.
Preprocessing Phase:
Step 1: Define the display area for each precomputed configuration. Decompose the display area into blocks for each precomputed configuration according to the relationship between positions of the movable object (ferrite) and the fixed object (coil) (see Figs. 4 and 5).
Step 2: Decompose each block into 3-D grids and compute the physical value (e.g., magnetic flux density) at each grid node from the precomputed results obtained by means of FEM. Here, is the index of the precomputed positions, is the index of the block number, and , , and are grid numbers.
Step 3: Utilizing the Delaunay algorithm [7] , make tetrahedrons using the precomputed positions (see Fig. 6 ). These tetrahedrons are necessary for interpolation of the variables in the main processing phase (Step 6).
Main Processing Phase:
Step 4: Move the object to arbitrary position inside the admissible area, which is surrounded by the precomputed positions by using the stylus pen of the PHANToM interface.
Step 5: Decompose the display area into a set of blocks as in Step 1, and decompose these blocks into the 3-D grids as in Step 2. Define the value at each 3-D grid point.
Step 6: From the obtained set of tetrahedrons in Step 3, search the tetrahedron, in which is included the arbitrary position . Step 7: Calculate the physical values at each grid point of the blocks using the interpolation equation (1), the precomputed physical values , and the area coordinates . After the above interpolation is executed for all grid points, the distribution map for the arbitrary position of the movable object is obtained:
(1)
Step 8: Calculate the magnetic force acting on the movable object using the interpolation equation (2), where the precomputed magnetic force and the area coordinates are used:
As already mentioned, from the above described procedure it is easily seen that the preprocessing phase has to be executed only once at start of the system usage. On the other hand, the main processing phase is executed whenever a user moves the ferrite object at any desired position. By adopting this simple interpolation method, the field distribution map for user-desired position is visualized immediately as the moving of the ferrite object is executed, i.e., interactively.
In our visualization system, to compute the magnetic force that acts on the moving object, each of three force components , , and is individually interpolated, instead of using the resultant force which might have and usually has different directions at each arbitrary position of the ferrite. Using interpolation of the resultant force instead of its components results iin serious physical problems when the magnetic force does not become zero in case it physically has to be zero (e.g., when the ferrite is exactly at the center of symmetry of the model). Accordingly, in our proposed system the individual interpolation for the , , and components of the magnetic force is adopted. At the end of computation, the magnitude and the angle of the resultant force are computed using separately interpolated values of each component.
III. APPLICATION RESULT
The proposed interactive visualization system was applied to a simple 3-D model, where a movable ferrite existed inside a coil-bounded area (Fig. 7) . Fig. 7 shows the predefined positions of the movable ferrite prepared for the precomputed result in the preprocessing phase, and a randomly chosen position that is also user-selected to investigate the accuracy of interpolated results obtained by the proposed system. These nine prepared precomputed positions are decided according to the users' experience to keep high accuracy of the executed interpolation scheme everywhere. When selecting the precomputed positions, one must take into account the fact that since we use a simple linear interpolation technique based on the area coordinates on a tetrahedron, the accuracy of the obtained solution will be of the same linear order. Therefore, appropriate precomputed positions (number and positions) must be considered if we aim at best possible accuracy of the results.
Accordingly, in advance, we investigated the most favorable positions of the movable ferrite to keep high accuracy of the interpolation results to the satisfactory and acceptable level (Fig. 7) . As a result, we prepared the 45 precomputed results for predefined positions of the movable ferrite object and constructed the whole system. From the viewpoint of interactivity, it is necessary only to investigate the computation time needed to display a new field distribution map using stored sets of distribution maps. In our system and for this model under investigation, the total CPU time for computation of the magnetic flux density and the magnetic force and for displaying the field distribution map and feeding back the magnetic force to the user through the PHANToM interface was less than 0.05 s using the interpolation method described above. The number of 3-D grids to display the distribution map in this example was 3975. .The obtained CPU time for all processes less than 0.05 s was achieved by using the PC (CPU: Pentium IV, 1.8 GHz; memory: 512 MB; OS: Windows 2000). Variations in the CPU time for obtaining different distribution maps for different arbitrary positions was not observed. Such short CPU time provides possibilities for full interactivity between the user and the proposed system in real time.
Coming back to the accuracy of the proposed visualization system, which is of huge importance for its practical application, it was necessary to investigate the accuracy of the field distribution map and the magnetic force obtained by the interpolation method for any arbitrary chosen ferrite position. The physical values used for verification of the accuracy were the magnetic force and the magnetic flux density, which play a very important role in electromagnetic analysis. The arbitrary position, mm mm mm as shown in Fig. 7 , was selected for testing accuracy of the method, and it is located at the center of the vertices of one tetrahedron selected from all 45 positions for the preprocessing phase. The accuracy was investigated by compared the results obtained directly by FEM analysis at that particular arbitrary position , and the results obtained using the proposed visualization system by interpolation scheme described above at the same arbitrary position using the results obtained at precomputed positions. The obtained field distribution maps of the magnetic flux density on the surface of the iron and the coil are shown in Fig. 8 , where Fig. 8(a) represents the result obtained by direct FEA, while Fig. 8(b) represents the result obtained by the interpolation method of the proposed system. Comparing these two results, one can see that there is a slight difference. The maximum absolute error of the magnetic flux density is about 10%, as shown in Table I . However, this error is small enough from engineering viewpoint and for grasping the tendency of the physical phenomenon. Further, as can be seen from Table I , both the average relative error and the absolute error are also acceptably small. Accordingly, we might conclude that the obtained distribution of the magnetic flux density could be obtained with enough accuracy.
While the error of the magnitude of magnetic force is little larger than that of the magnetic flux density, the applied interpolation method provide us with the direction of magnetic force with higher accuracy. However, humans are more sensitive to the direction of force than to its strength. If a user wants to obtain more accurate results, he could raise the accuracy of the proposed system by preparing more sets of precomputed results. Judging from the performed interactivity and accuracy tests, one can conclude that the proposed visualization system enables display of the field distribution maps and makes the magnetic force perceptible to a user in real time with acceptably small computation error from an engineering point of view. Moreover, the magnitude of the magnetic force acting on an object can be controlled and perceived by the user through the haptic PHANToM interface. This is very important in order to grasp the real physical behavior of the analyzed or designed 3-D model.
IV. CONCLUSION
We proposed a new interactive visualization system with force feedback in 3-D electromagnetic field. By using a visualization system with force feedback device (haptic interface), one can observe the field distribution map, such as the magnetic flux density distribution, and can perceive the magnetic force simultaneously. The proposed visualization system supports users in understanding the electromagnetic field more deeply than by using other common visualization systems based only on the graphical visualization of commutated fields. By extension of the previously developed 2-D interactive visualization system [1] into a 3-D one, and by attaching the haptic interface to the system, we developed a fully interactive visualization system in 3-D space for interactive visualization of moving objects inside the display domain. Hence, by utilizing our system one can not only observe the field distribution map, but also perceive the electromagnetic force at the same time interactively in real time as the movable object is changed to any arbitrary position inside the admissible visualization 3-D space. It was revealed that the errors of the field distributions and the electromagnetic forces obtained by this method are acceptably small from the engineering point of view, therefore, applicable for educational and for designing purposes in electromagnetics.
